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GENERAL INTRODUCTION 
Hydrogen diffusion has frequently been studied in pure unalloyed 
metals, and a comprehensive literature review is given by Volkl and 
Alefeld (1), However, the effects of alloying on hydrogen diffusion in 
binary substitutional solutions have only rarely been investigated. This 
is surprising in light of the fact that the mechanical properties of 
numerous commercially important alloys are degraded by the presence of 
hydrogen in solution. A review of the damaging effects caused by 
hydrogen in solution is given by Bernstein et (2). The influence 
of substitutional elements on hydrogen diffusion in many engineering 
alloys is largely unknown, although such knowledge may be of considerable 
value in understanding hydrogen embrittlement mechanisms. Moreover, a 
better understanding of hydrogen diffusion in alloys might be beneficial 
in studies involving the storage and retrival of hydrogen in metal-
hydride storage systems. Apart from the more immediate practical 
applications of these studies, investigations of hydrogen diffusion in 
substitutional alloys will provide the data necessary to test and 
improve current theories of the interstitial-substitutional atom 
interaction. The influence of lattice impurities and imperfections on 
interstitial diffusion has been studied theoretically for almost twenty 
years (3-10). Most of these models invoke an energy of attraction 
between the interstitial and the lattice defect resulting in a 
localization and binding of the interstitial to the isolated trap. 
Unfortunately, such models usually restrict themselves to the examination 
of dilute solutions of both the interstitial atoms and the traps in order 
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to minimize solute-solute interactions and to simplify mathematical 
modeling of the trapping and detrapping processes. Such models have 
quite limited applicability in more concentrated alloys, and almost all 
such studies become nonsensical when substitutional atom concentrations 
exceed 25 at, pet. Perhaps as a consequence of these theoretical 
limitations, almost no hydrogen diffusion data exist for alloys 
containing large concentrations of substitutional elements. The present 
investigation of hydrogen and deuterium diffusion in vanadium-titanium 
and vanadium-niobium alloys was done to provide additional data and to 
explore alloy systems in xdiich trapping effects might be observed. 
Explanation of Thesis Format 
This thesis has been written in the alternate format as outlined 
in The Graduate College Thesis Manual, The main body of the paper 
consists of two papers vhich are designated as Sections I and II, 
These papers are the sole work of Dr, D. T. Peterson and myself and 
are to be submitted for publication in Metallurgical Transactions. 
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SECTION I. HYDROGEN AND DEUTERIUM DIFFUSIVITY IN 
VANADIUM-TITANIUM ALLOYS 
4 
INTRODUCTION 
Theoretical studies of hydrogen diffusion in alloys with trap sites 
have considered the effect of the substitutional-interstitial interaction 
on this motion (1-5). However, few systematic, experimental measurements 
of hydrogen diffusion have been made in substitutional alloys. This is 
unfortunate since a better understanding of the diffusion process in 
alloys could help control such important problems as hydrogen 
embrittlement and hydrogen storage. In addition, experimental results 
are needed to test the validity of trapping models in \diich interstitials 
are postulated to be locally bound at substitutional atom sites. 
Vanadium was chosen as the alloy base metal because of its 
interesting hydrogen diffusion properties. Hydrogen diffuses faster in 
vanadium than in any other metal with the possible exception of iron. 
Such rapid diffusion makes possible experiments in which there is 
long-range transport of hydrogen without the complications arising from 
surface permeation barriers. Tanaka and Kimura (6) reported that 
hydrogen diffusion was slowed in vanadium by the addition of titanium 
and zirconium. Much smaller diffusivity decreases were found when 
nickel, chromium, molybdenum, iron or copper were added to vanadium (6, 
7). This is especially interesting in light of the fact that titanium 
and zirconium form stable hydrides while the other alloying elements 
do not. Such results strongly suggest a trapping interaction of hydrogen 
at substitutional atoms having high hydrogen affinity. 
The consequences of trapping on hydrogen diffusion have been studied 
by Oriani (2) and his results are characteristic of several other similar 
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studies (1, 3-5). Oriani equates the ratio of alloy to pure metal 
diffusivity with the ratio of hydrogen concentrations on normal and trap 
sites. This relation holds when the fraction of occupied trap sites is 
small, i.e. when hydrogen concentrations are small. Since detrapping is 
taken to be a thermally activated process, and at low temperatures most 
hydrogen is trapped, the concentration of hydrogen on normal sites will 
equal exp (-Eg/KE). Here is the total hydrogen concentration and 
Eg is the interstitial-substitutional binding energy. Hence, we may write 
an expression for the hydrogen diffusivity, D, in the alloy in terms 
of the hydrogen diffusion activation energy, AH, and in the pure metal. 
-AH - E 
D = exp ( . (1) 
Eq. (1) qualitatively predicts a number of rather interesting 
hydrogen diffusion phenomena in substitutional alloys. Hydrogen 
diffusion should esdiibit an Arrhenius temperature dependence and the 
observed activation energy would be increased from pure metal values by 
an amount equal to the hydrogen-substitutional atom binding energy. 
Since Eq. (1) contains no explicit substitutional solute concentration 
dependence, the diffusion activation energy should increase, and 
consequently the diffusion coefficient should fall precipitously, at very 
low substitutional alloy concentration. Thereafter, the activation 
energy and diffusion coefficient would be constant with substitutional 
solute concentration. 
The preceding arguments hold only under conditions where the 
fraction of occupied traps is small. However, if hydrogen concentrations 
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were increased past the point vAiere the local deep traps become saturated, 
diffusivities should rapidly increase with hydrogen concentration, 
reflecting the greater mobility of the hydrogen on the normal lattice 
sites. Therefore, it would be helpful to employ experimental procedures 
in which the hydrogen concentration dependence of the diffusivity may be 
measured. Fortunately, Boltzmann-Matano methods (8-9) permit a direct 
determination of the diffusion coefficient at any hydrogen concentration. 
Hence, the effects of both titanium and hydrogen concentration on the 
diffusivity could be studied concurrently. 
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EXPERIMENTAL PROCEDURE 
Diffusion in ternary systems has not been studied extensively. This 
may be, in part, because the flux of each component in a ternary system 
is comprised of a complicated sum of terms involving the chemical 
potential gradient of each component. Study of diffusion in such systems 
can be considerably simplified if only one of the ternary components has 
appreciable mobility. This condition holds for hydrogen diffusion in 
substitutional alloys of vanadium. Hydrogen diffusivity is about thirty 
orders of magnitude greater than self-diffusion coefficients in vanadium 
or titanium. Hence, hydrogen diffuses in a lattice of relatively 
stationary host-metal atoms, and the hydrogen diffusion flux is well 
approximated by Fick's First Law. This permits the calculation of 
diffusion coefficients by rather straight-forward analysis of diffusion 
profiles. 
Two closely related methods employing Boltzmann-Matano 
analysis (8, 9) were used to find hydrogen diffusivities. In the first 
of these methods, rod specimens initially free of hydrogen were 
electrolytically charged for half their length to a concentration below 
the terminal solid solubility, thus forming a diffusion couple of a 
pair of semi-infinite bars. The specimens were held in constant 
temperature baths for diffusion times long enough to form a long gradient, 
but not so long that the gradient extended to the ends of the rod. The 
diffusion coefficient was found at any point on the diffusion profile, 
i.e. at any concentration C = C, using Eq. (2), 
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C * 
= J^KdC . (2) 
\diere t is the time during \diich diffusion was allowed to occur. The 
X = 0 plane is defined by 
Go 
J xdC = 0 , (3) 
o 
vdiere is the initial hydrogen concentration in the charged half of 
the specimen. Crank (10) has shown that a constant concentration 
interface may also define the x = 0 plane in the preceding analysis, and 
this approach was used in the second method employed in this study. 
Peterson and Jensen (9) have demonstrated that a constant hydrogen 
concentration interface and, therefore, a Matano interface, was created 
in a semi-infinite Nb-Ta rod at the boundary between a two-phase hydride 
plus metal region and the abutting hydrogen-free portion of the rod. 
The interface concentration was effectively fixed at the hydride 
solubility limit in the metal. To prepare these specimens, one end of 
the rod was electrolytically charged to produce a two-phase region with 
an average hydrogen concentration many times higher than the alloy 
terminal solid solubility limit. High concentrations in the two-phase 
region were designed to prevent excessive movement of the constant 
concentration boundary by hydride dissolution during diffusion. These 
two-phase specimens were given appropriate diffusion anneals and the 
concentration dependent diffusivities found from the resulting 
concentration profiles using Eq. (2). An additional advantage of this 
procedure is that the terminal solid solubility can be found by 
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extrapolating the diffusion profile to the boundary of the two-phase 
region. This method could not be employed \Aien the terminal solid 
solubilities were high, because excessive movement of the constant 
concentration interface would result. In these cases, the single-phase 
method was used. 
After appropriate diffusion anneals, both single-phase and two-phase 
specimens were quickly sectioned and weighed. Hydrogen concentrations 
were determined to better than + 2 relative percent by a hot vacuum 
extraction technique (11). The position of each sample section along the 
rod was calculated from the original specimen length and mass plus the 
mass of each section. Typical concentration profiles after the diffusion 
anneals are shown for single-phase and two-phase specimens in Figures 1 
and 2, respectively. The high precision of the hydrogen concentration 
measurements are apparent in the close fit of the points to a smooth 
curve for both profiles. Nevertheless, diffusion coefficient values were 
less precise at either end of the concentration ranges due to the 
increased uncertainties in the determination of the slope. The 
uncertainty of the diffusion coefficients was estimated by Peterson and 
Jensen (9) as about ten relative percent and was due primarily to the 
uncertainty of the slope. 
Vanadium-titanium alloys were prepared by arc melting 
electrorefined vanadium with sponge titanium and the resulting buttons 
were cold-rolled and swaged into 1.5 mm diameter rod. The rods were 
recrystallized under vacuum for 1 hour at 1673 K. Examination of the 
microstructure showed recrystallized grains with no second phases. 
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Spark source mass spectroscopy showed tungsten as the only substitutional 
impurity present in amounts greater than 0.01 at. pet. The interstitial 
concentrations in the rods after annealing are shown in Table 1. 
Table 1. Interstitial concentrations in annealed samples 
Alloy Carbon Nitrogen Oxygen 
(at. pet. Ti) (at. pet.) (at. pet.) (at. pet.) 
0 0.020 0.010 0.020 
5 0.013 0.001 0.032 
10 0.017 0.002 0.038 
20 0.019 0.004 0.044 
30 0.011 0.007 0.024 
Specimens 70 mm long were cut, electropolished and masked with 
lacquer along the portion of the length that was not to be charged with 
hydrogen. The uncoated regions were electrolytically charged in a ten 
percent solution of sulfuric acid and distilled water or deuterated 
sulfuric acid and heavy water. Charging took less than 120 seconds in 
all cases, so there was essentially no diffusion into the coated regions. 
Metallographic examination of the charged ends of the two-phase samples 
showed a needle-like hydride phase. No hydride phase was observed in the 
single-phase specimens and the composition profiles showed hydrogen 
concentrations constant within the precision of the hydrogen analysis 
method. After charging, the specimens were placed in constant temperature 
baths at 473, 373, 297 or 230 K that varied by less than 1 K during the 
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diffusion anneal. The highest temperature bath contained silicone 
oil, the lowest contained methanol and the intermediate baths used 
mineral oil. Hydrogen material balances showed that there was no loss 
or gain of hydrogen during the diffusion anneal. Diffusion times ranged 
from a few hours to a few weeks. 
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RESULTS 
Perhaps the most striking phenomenon observed in this study was the 
decrease of the hydrogen diffusion coefficient with increasing titanium 
concentration and, to a significantly lesser degree, with hydrogen 
concentration. Diffusivity decreased linearly with hydrogen 
concentration in all alloys at all temperatures. The relative decrease 
of the diffusion coefficient with hydrogen concentration was smaller at 
lower temperatures. The maximum hydrogen concentrations were sometimes 
small due to limited terminal hydride solubility, hence quantitative 
analysis of the concentration dependence was not undertaken. However, 
the relative decreases in the diffusion coefficients are roughly 
comparable to those computed from the data of Bauer et al. (12) for 
diffusion of hydrogen and deuterium in niobium and tantalum. Figure 3 
shows the concentration dependence of the diffusion coefficient in a 
5 at, pet. Ti alloy and this plot is typical of the behavior found in 
the other alloys. The decrease of the diffusion coefficient is not yet 
well explained. Isopiestic solubility measurements by Peterson and 
Nelson (13) show Sieverts' Law behavior in these same alloys up to 
hydrogen concentrations as hi^ as H/M = 0,40, so the hydrogen activity 
coefficient is constant and there is no thermodynamic correction factor. 
Furthermore, Figure 3 offers no evidence of the saturation of local deep 
traps. Even up to hydrogen concentrations almost twice as large as the 
titanium concentration, no increase is seen in the diffusion coefficient 
vdiich would reflect the increasing occupancy of normal lattice sites at 
higher hydrogen concentrations. Diffusion coefficients were extrapolated 
pet. Tl o- HYDROGEN 
• -  DEUTERIUM 
373 K 
373 K 
3 j 2 9 7 K  
}230K 
2 8 10 4 6 
ATOMIC PERCENT H (D) 
Diffusion coefficient versus hydrogen concentration in a five at. pet. 
titanium alloy 
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to zero hydrogen concentration to simplify interpretation of the 
diffusion processes. 
The temperature dependence of the hydrogen and deuterium diffusion 
coefficients extrapolated to zero hydrogen concentration is shown in 
Figures 4 and 5. The rate of diffusion decreases strongly with 
increasing titanium concentration. At 230 K, the diffusion coefficient 
is decreased about an order of magnitude by the addition of 5 at. pet. Ti 
and more than two orders of magnitude at 30 at. pet. titanium. However, 
this decrease with titanium concentration is gradual and continuous with 
no indication of a constant diffusivity, independent of titanium 
concentration, as might be expected in the case of local deep trapping 
by titanium atoms. Both hydrogen and deuterium diffusivities in the one 
percent titanium alloy are about the same as the respective values 
in pure vanadium and the sharp decrease in the diffusion coefficient 
predicted by deep local trapping models was not found in these alloys. 
The diffusion coefficients exhibit an Arrhenius temperature dependence 
in Figures 4 and 5 over the experimental temperature range. This 
implies a thermally activated process with a single activation energy 
over this temperature range. The apparent activation energies and 
values are listed in Table 2 along with the respective standard 
deviations of the means. Activation energies and values in pure 
vanadium are in good accord with a best fit of many independent studies 
compiled by Volkl and Alefeld (14). Both diffusion activation energies 
and values increase with titanium concentration. Increases of the 
diffusion activation energy may be interpreted as a general deepening 
17 
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Table 2. Diffusion activation energies and values 
Alloy Hydrogen „ Deuterium g 
(at. pet.) AH DQ X 10 AH DQ x 10 
(kj/mol) (m^/sec) (kj/mol) (mVsec) 
100 V 4.1 + 0.6 2.7 ± 0.6 6.9 + 0.4 
+
1 o
 0.5 
100 V® 4.3 3.6 7.0 3.8 
1 Ti 4.7 + 0.9 3.7 ± 1.5 7.2 + 0.2 3.8 + 0.4 
5 Ti 13.9 ± 0.6 28 ± 7 13.1 + 1,2 11.2 + 7 
10 Ti 16,2 + 0.6 34 + 9 15.2 + 0.6 11.5 + 3 
20 Ti 17.7 + 0.8 25 + 9 19.7 + 1.0 28 + 13 
30 Ti 19.3 + 0.7 26 + 8 21.3 + 1.1 21 + 11 
e-Ti^ 28 20 
Reference (14). 
^Reference (15). 
of the hydrogen potential energy well, if the diffusion process is singly 
activated. However, interpretation of the increase in D^ is not as 
simple, since nonmeasurable entropies and unmeasured vibrational 
frequencies come into consideration. 
Isotope effects were observed in hydrogen diffusivity and in the 
terminal solid solubility. The activation energy for deuterium diffusion 
was larger than the value for hydrogen in pure vanadium and in most of 
the alloys. Dependence of the activation energy on titanium 
concentration is shown in Figure 6. Both isotopes showed similar changes 
in diffusion behavior as the hydrogen and titanium concentration was 
o- HYDROGEN 
A-DEUTERIUM 
30 10 0 
ATOMIC PERCENT TITANIUM 
Diffusion activation energy as a function of alloy composition 
21 
changed, but very interesting isotope effects were found in the hydrogen 
terminal solid solubility and these values are listed in Table 3, A 
second phase with a needle-like morphology was observed by optical 
metallography in alloys containing up to 10 at. pet. Ti at hydrogen 
concentrations exceeding those listed in Table 3. The second phase was 
not optically active under polarized light, indicating that these 
hydrides had a cubic structure. No second phase was ever observed at 
room temperature by optical metallography in the 20 and 30 at. pet. Ti 
alloys even at rather high hydrogen concentrations. At 297 K, both 
Table 3. Terminal isotope solid solubilities 
Alloy Terminal solid solubility 
(at. pet.) H(D)/M 
Ti 
297 K 230 K 
Hydrogen Deuterium Hydrogen Deuterium 
0 0.023 0.037 
0^ 0.021 0.038 0.004 0.008 
1 0.040 0.055 0.017 0.021 
1^ 0.036 0.010 
5 0.075 0.105 0.045 0.058 
10 0.120 0.190 0.076 0.110 
20 > 0.20 
30 > 0.25 
Reference (14). 
^Reference (6). 
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hydrogen and deuterium terminal solid solubilities are increased by 
about a factor of five vtoen 10 at. pet, Ti is added to pure vanadium. 
No second phase was seen in a 30 at. pet. Ti alloy with a hydrogen to 
metal atom ratio as high as 0.60. Deuterium always had a higher 
solubility than hydrogen in those alloys where solubilities could be 
measured. Similar isotope effects have been observed in pure 
vanadium (16) and are confirmed in this study. 
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SUMMARY 
Hydrogen and deuterium diffusion coefficients decrease with 
titanium concentration, and to a lesser extent, with isotope 
concentration. No trap saturation effects were observed. Both the 
diffusion activation energies and values increased with substitutional 
solute concentration. Hydride terminal solid solubilities in the metal 
phase rose substantially upon alloying. At low alloy concentrations, 
the deuteride has the higher solubility. Trapping models invoking a 
direct, local, hydrogen interaction with an isolated titanium 
substitutional solute do not well-characterize the observed diffusion 
phenomena and the factors affecting the terminal solid solubility are 
not all well-known. However, the large decrease in the diffusion 
coefficients and increase in terminal solid solubility may make these 
alloys interesting model systems in which to study the behavior of 
hydrogen in solution in a body-centered cubic alloy at low temperature 
without the complication of hydride precipitation. 
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SECTION II. HYDROGEN AND DEUTERIUM DIFFUSIVITY IN 
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26 
INTRODUCTION 
The diffusion of hydrogen has frequently been studied in pure, 
solute-free metals. The influence of substitutional alloying elements 
on hydrogen migration has been investigated far less often. Theoretical 
studies of interstitial diffusion in binary alloys have usually considered 
only those cases in which both the substitutional and interstitial 
concentrations are small (1-3). Perhaps as a result of these theoretical 
limitations, experimental measurements of hydrogen migration in alloys 
have usually been restricted to systems containing dilute concentrations 
of both hydrogen and the substitutional alloying element (4-6). 
Nevertheless, nondilute multicomponent alloys are often used in 
engineering applications and the migration of hydrogen in such systems 
may be of considerable practical impact. Further, diffusion studies as 
a function of alloy composition should be useful in better characterizing 
the hydrogen-substitutional atom interaction. In an earlier 
investigation (7), the present authors studied the diffusion of hydrogen 
in vanadium-titanium alloys. However, titanium has a limited solubility 
in bcc vanadium at low temperatures (8). In order to study diffusion 
across the entire range of alloy compositions in a binary system, the 
vanadium-niobium system was chosen for scrutiny. 
A number of interesting and practical incentives exist for the study 
of hydrogen migration in vanadium-niobium alloys. Miller and 
Westlake (9) have shown that the terminal hydrogen solid solubilities can 
be very high in this system. No hydride was observed in a 50 at. pet. Nb 
alloy with a hydrogen to metal atom ratio of 0.8, even when this alloy was 
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cooled to liquid nitrogen temperatures. Thus, it appears possible to 
maintain high hydrogen concentrations in solution at intermediate 
substitutional alloy compositions even at low tençeratures. Consequently, 
low-temperature diffusion studies are not hindered by low hydrogen 
concentrations» Hydrogen diffuses very rapidly in vanadium and in 
niobium so that experiments are possible in which the long-range 
diffusion of hydrogen is studied by analysis of macroscopic diffusion 
profiles, thus eliminating experimental complications arising from 
surface permeation barriers. 
No systematic investigation of hydrogen diffusion has been done in 
vanadium-niobium alloys. One study (4) showed little change in the rate 
of hydrogen migration ^ en 1 at. pet, niobium was added to pure vanadium. 
However, additions of even small amounts of titanium and zirconium 
to vanadiim do materially decrease hydrogen diffusion rates (4, 7). 
Much smaller diffusivity changes have been observed for iron, copper, 
molybdenum, chromium and nickel additions to vanadium (4, 6), Titanium 
and zirconium have higher hydrogen affinities than the other alloying 
elements. Hence, it is tempting to assume a strong local binding of 
the hydrogen atom to these alloying elements. Recently, hydrogen 
diffusion in the niobium-tantalum system was studied by Peterson and 
Jensen (10) . The hydrogen diffusion coefficient was measured at room 
temperature across the entire range of niobium-1 ant alum alloy 
compositions. The rate of hydrogen migration in each alloy was less 
than expected from a linear interpolation of diffusivity with alloy 
composition. Both niobium and tantalum have similar hydrogen affinities 
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and almost identical lattice parameters. Simple local deep trapping 
interactions should not be responsible for the reduced diffusivities 
observed in this binary alloy system. 
Localized trapping models become inadequate in alloys containing 
large concentrations of substitutional solutes. In such systems, near-
neigihbor substitutional-substitutional interactions become important 
and every hydrogen site will have at least one solute neighbor. 
Nevertheless, as a starting point, the theoretical study of hydrogen 
trapping in alloys by Oriani (1), \Aiich is characteristic of several 
other similar investigations, will be discussed under the restrictions 
of dilute substitutional-atom and interstitial-hydrogen concentrations. 
Oriani equated the ratio of alloy to pure metal hydrogen diffusivity 
to the ratio of hydrogen concentration on normal and trap sites. This 
condition holds \Aien hydrogen concentrations are much smaller than the 
alloying element concentration. If detrapping is a thermally activated 
process, the untrapped hydrogen concentration should equal 
Cg, exp (-Eg/RT), vdiere is the total hydrogen concentration and Eg is 
the trap binding energy. Therefore, the hydrogen diffusion coefficient 
in the alloy D may be expressed as 
-AH - E_ 
D = Do exp ( . (1) 
Here AH and are the diffusion activation energy and pre-exponential 
factor for diffusion in the pure metal. The hydrogen diffusion 
coefficient in such alloys would have an Arrhenius temperature dependence 
and the difference between the alloy and the pure metal diffusion 
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activation energies would be the binding energy. Eg. The measured 
activation energy in the limit of zero hydrogen content should be 
independent of alloy composition. The alloy diffusion activation energy 
should be increased by Eg in even very dilute substitutional alloys 
resulting in a discontinuous increase in the measured activation energy 
at low alloy concentrations. This analysis is restricted to dilute 
hydrogen concentrations xdiere the traps are not saturated. The onset of 
trap saturation should cause rapid increase in diffusivity with 
increasing hydrogen concentration, due to the greater mobility of the 
untrapped hydrogen. Diffusion coefficients as a function of hydrogen 
concentration were found by using a Boltzmann-Matano (7, 11) technique 
and thus the effects of substitutional solute and hydrogen concentration 
were studied simultaneously. 
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EXPERIMENTAL PROCEDURE 
Hydrogen diffusion coefficients in the group Vb elements are about 
thirty orders of magnitude greater than the self-diffusion coefficients 
in these same metals (12, 13) « Hence, hydrogen migration in niobium-
vanadium alloys occurs in a lattice of almost stationary host lattice 
atoms. This quasibinary behavior considerably simplifies the design 
and interpretation of diffusion experiments in this ternary system. 
Two different methods involving Boltzmann-Matano analysis (7, 11) were 
used-to measure hydrogen diffusion coefficients. In the first method, 
initially hydrogen-free alloy rods were electrolytically charged along 
half their length to concentrations below the terminal hydrogen solid 
solubility limit. After charging, diffusion was allowed to occur at a 
constant temperature for a time, t, long enough to establish a long 
concentration gradient along the rod, but not so long as to permit the 
gradient to reach the ends. Radial diffusion was essentially 
instantaneous compared to the time for longitudinal diffusion. The 
diffusion coefficient at any hydrogen concentration C can be found 
using Eq. (2). 
C 
• <2) 
The X = 0 interface is defined by 
C 
o 
J* xdC = 0 , (3) 
o 
where is the initial hydrogen concentration in the charged half of 
the sample. 
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The second approach used in this study is closely related to the 
first method. An alloy rod was electrolytically charged at one end to 
produce a two-phase region of hydride and hydrogen saturated alpha 
phase abutting the hydrogen-free remainder of the rod. Just as before, 
diffusion is allowed to proceed at constant temperature. As diffusion 
progresses, the hydrogen concentration at the interface between the 
single-phase and two-phase regions remains constant at the hydrogen 
terminal solid solubility. Such a constant concentration interface has 
been shown by Crank (14) to satisfy the conditions of a Matano interface. 
Hence, Eq« (2) may be used to find hydrogen diffusivities from the 
resulting diffusion profiles with the x = 0 interface at the two-phase 
region boundary. This technique has the additional advantage of 
providing a measurement of the terminal hydrogen solid solubility by 
extrapolating the diffusion profile to boundary of the two-phase region. 
This method may be used only when the hydrogen terminal solid solubility 
is relatively low because high solubilities cause excessive movement of 
the two-phase, single-phase boundary during the diffusion anneal. 
Alloys were prepared by arc melting pure niobium and vanadium and 
the resulting buttons were cold-rolled into sheet. Square cross-section 
strips were cut from the sheets and swaged into rod 0.56 mm in 
diameter. The rods were annealed at 1673 K for 1 hour to achieve 
recrystallization. Interstitial impurity concentrations found in the 
annealed rods are listed in Table 1, Specimens 70 mm long were partially 
masked with lacquer and electrolytically charged in a ten percent 
solution of distilled water and sulfuric acid or deuterated sulfuric 
32 
Table 1, Interstitial concentrations in annealed vanadium-niobium 
alloys 
Alloy Carbon Nitrogen Oxygen 
(at. pet, Nb) (at, pet.) (at, pet,) (at. pet.) 
0 0.020 0,010 0.020 
25 0.053 0,013 0,036 
50 0,035 0,021 0,042 
75 0.030 0,038 0,062 
100 0.025 0.001 0,008 
acid and heavy water. Charging took less than 100 seconds, so there 
was insignificant diffusion into the unmasked regions. Specimens were 
occasionally sectioned and analyzed immediately after charging in order 
to examine the initial hydrogen concentration profile. In all cases, 
the initial hydrogen concentration was constant in the charged region 
within the precision of the hydrogen analysis. After charging, the 
rods were immediately placed in constant temperature baths at 473, 373, 
297 or 230 K vAiich varied by less than 1 K, Mass balances done on 
these alloys showed no loss or gain of hydrogen during the diffusion 
anneals. Diffusion times ranged from about two hours to as long as 
three months. After the diffusion anneal, the specimens were 
immediately cut into samples and the hydrogen concentrations determined 
in each piece using a hot vacuum extraction technique (15), The 
precision of the extraction analytical method was + 2 relative percent. 
The position of a sample in the specimen was determined from the weights 
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of the rod and the individual samples and the original length of the 
specimen. A typical single-phase concentration profile is shown in 
Figure 1 for a 25 at. pet. Nb alloy at 473 K. Figure 2 shows a 
characteristic profile in a two-phase, single-phase diffusion couple. 
The excellent precision of the hot vacuum extraction analysis is evident 
from the smoothness of these profiles. Uncertainties in the diffusion 
coefficients obtained by these techniques were analyzed by Peterson and 
Jensen (10) in an earlier study and found to be about 10 relative percent. 
This value was almost exclusively due to uncertainties in the slope. 
Errors became larger near the tails of the diffusion profiles and these 
values were not used. 
—Q—— —I 1 0.12 
473 K 
25 at. pet. Nb 
0.10 
MATANO INTERFACE t 0.08 
z 0.06 
S 0.04 
Ll) 
0.00 
0.00 0.01 0.02 0.03 0.04 
DISTANCE, m 
Figure 1, Typical diffusion profile in a single-phase diffusion couple 
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Figure 2. Typical diffusion profile in a two-phase, single-
phase diffusion couple 
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RESULTS 
The diffusion coefficient was found to change with niobium 
concentration and also to be hydrogen concentration dependent. In a 
given alloy, the diffusivity was found to decrease linearly with 
hydrogen concentration as shown in Figure 3 for several representative 
alloys at 373 K. This concentration dependence appears to be the same 
for hydrogen and deuterium and is qualitatively similar to that observed 
in pure niobium and tantalum (16) as well as in niobium-tantalum 
alloys (10). Although the diffusion coefficients decreased in all alloys 
with hydrogen concentration, the relative rate of decrease appeared to 
be less at lower temperatures. This decrease in the hydrogen diffusion 
coefficient with hydrogen concentration cannot be explained by a 
thermodynamic correction factor involving a change in the hydrogen 
activity coefficient. Peterson and Nelson (17) in a concurrent study 
found Sieverts' Law behavior for hydrogen in these same alloys up to 
hydrogen to metal atom ratios as hi^ as 0,40 and so the hydrogen 
activity coefficient was constant. The concentration dependence of the 
diffusivity did not change in the way that would be predicted by a 
localized trapping of hydrogen at the substitutional alloying atoms. 
No evidence of the saturation of traps was observed in any of the alloys 
and diffusion coefficients continued to decrease with hydrogen 
concentration in the 10 at. pet. Nb and 10 at. pet. V alloys even at 
hydrogen concentrations approaching 20 at. pet. hydrogen. The 
diffusion coefficients were extrapolated to zero hydrogen concentration 
so as to eliminate the effect of hydrogen concentration in the analysis 
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Figure 3. Diffusion coefficients versus hydrogen and deuterium 
concentrations 
38 
of the substitutional solute effects. 
The diffusion coefficients extrapolated to zero hydrogen 
concentration for both hydrogen and deuterium decreased to a minimum 
at 75 at. pet. niobium. The magnitude of the decrease was surprisingly 
large. For exançle, the diffusion of deuterium in the 75 at, pet. 
niobium alloy at 230 K was more than 2.5 orders of magnitude slower than 
in niobium and 3.5 orders of magnitude less than in vanadium. This is 
a much larger change than that found in most other alloys. Diffusion in 
these alloys appeared to behave as a thermally activated process with 
a single activation energy as indicated by Arrhenius behavior. The 
diffusion coefficients for hydrogen are shown in Figure 4 plotted as 
log D against reciprocal temperature. The corresponding plots for 
deuterium are shown in Figure 5. Typical error bars representing the 
standard deviation of the extrapolation to zero hydrogen concentrations 
for the measurements at a given temperature are placed on one line in 
each figure. Activation energies and values were calculated for 
each alloy composition and are presented in Table 2 along with the 
standard deviations of the values. The decrease in the diffusion 
coefficients on alloy is due entirely to an increase in the 
activation energies as the values also increase on alloying. The 
values of AH and for vanadium and niobium were in good agreement 
with values reported by Volkl and Alefeld (12). Figure 6 shows hydrogen 
has a smaller activation energy for diffusion than does deuterium in 
the pure metals and also in all of the alloys. The values had 
large uncertainties but seemed to be larger for deuterium than for 
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Figure 4. Hydrogen diffusion coefficients versus reciprocal 
temperature 
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Figure 5. Deuterium diffusion coefficients versus reciprocal 
temperature 
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Figure 6. Diffusion activation energy as a function of alloy composition 
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Table 2, Hydrogen and deuterium diffusion activation energies and 
DQ values 
Alloy Hydrogen Deuterium 
AH Do X 10® AH Do X 10® 
(at. pet.) (kj/mol) (m^/sec) (kJ/mol) (xsr/sec) 
0 Nb 
0 Nb^ 
4.1 + 0.6 
4.3 
2.7 + 
3.6 
0.6 6.9 + 0.4 
7.0 
4.0 + 0.5 
3.8 
10 Nb 8.8 + 1.3 3.2 + 2.1 10.2 + 0.1 4.3 + 0.2 
25 Nb 13.9 + 1.2 6.3 + 3.6 16.0 + 0.5 5.1 + 1.1 
50 Nb 20.9 + 0.5 11 ± 2.3 23.7 + 1.0 20 + 8.8 
75 Nb 21.9 + 0.3 13 + 1.5 27.2 + 0.3 42 + 4.6 
90 Nb 16.4 + 0.9 6.4 + 2.1 20.4 + 1.2 15 +9 
100 Nb 
100 Nba 
7.9 + 1.2 
10.0 
1.9 ± 
5.0 
0.9 11.6 + 0.4 
12.2 
4.3 + 0.5 
5.2 
^ata from Volkl and Alefeld (12). 
hydrogen. The interpretation of the activation energies should be 
tempered by a recognition that these alloys are really ternary alloys 
and apparently simple thermal activation process may be misleading and 
the activation energies really are due to the temperature dependence of 
a complex process. 
There are very interesting increases in the terminal hydrogen solid 
solubilities in these alloys. Table 3 lists terminal solubilities of 
the hydrides and deuterides at 297 and 230 K \^ich were found by 
extrapolation of the diffusion profiles. The values found are in good 
agreement with literature values by Miller and Westlake (9), Schober 
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Table 3. Terminal isotope solid solubilities 
Alloy Terminal solid solubility 
297 K 230 K 
(at, pet.) Hydrogen Deuterium Hydrogen Deuterium 
0 Nb 0.023 0.037 
0 Nb^ 0.021 0.038 0.004 0.008 
10 Nb 0.065 0.112 0.022 0.042 
10 Nb^ 0.071 0.100 0.023 0.042 
90 Nb 0.122 0.104 0.073 0.048 
90 Nb® 0.115 0.105 0.076 0.058 
100 Nb 0.034 0.037 0.007 
100 NbC 0.036 0.036 0.085 0.0085 
Reference (18). 
^Reference (9). 
Reference (19). 
and Carl (18) and Westlake and Ockers (19). Terminal solubilities were 
increased by a factor of three from the pure metal values by the 
addition of 10 at. pet. niobium or vanadium. Solubilities in the 25, 
50 and 75 at. pet. niobium alloys were very high even at 297 and 230 K 
and were not measured. Solubilities in the 10 at. pet. alloys were 
also too high to be conveniently measured above room temperature. 
Alloys which contained more than the solubility limit concentration of 
hydrogen showed a second phase with a needle-like morphology similar to 
the hydride micro structure found in unalloyed vanadium or niobium but 
the composition and structure of the hydride phase was not studied. 
Differences between the solubilities of the hydrides and deuterides were 
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observed in pure vanadium and in the 10 at. pet. Nb alloys with the 
deuteride having the larger terminal solid solubility in each case. 
Qualitatively similar isotope effects were found in a previous study (7) 
in vanadium alloys containing up to 10 at. pet. titanium. The factors 
that influence this terminal solid solubility limit are not well 
understood and involve the properties, composition and structure of the 
hydride phase as well as the solid solution. A simple interpretation of 
these solubility changes does not seem possible at this time. 
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DISCUSSION 
The models that treat hydrogen diffusion in alloys on the basis of 
the substitutional solute atom forming a local deep trap for the 
hydrogen do not seem to fit this system veil. There was a very 
large decrease in the hydrogen diffusion coefficients in the alloys 
but there was no evidence of trap saturation even at quite high hydrogen 
concentrations. Niobium and vanadium are quite similar in size, 
electronic structure and affinity for hydrogen and it is difficult to 
pick out an atomic property that could be associated with the trapping 
tendency. At 50 at. pet. niobium all the hydrogen sites should be 
again equal, jumping would be from one trap site to another and should 
require no more energy than diffusion in the pure metals. 
The trapping models are essentially classical and thermodynamic 
models may not be applicable to hydrogen in vanadium and niobium 
for that reason. There are several observations that indicate that 
nonclassical or quantum effects may be involved. These include the 
difference between the activation energies for hydrogen and deuterium. 
In addition there is the problem of the first vibrational energy state 
for hydrogen being above the activation energy barrier. The correlated 
hydrogen jumps of more than one jump distance that have been observed 
by neutron scattering is another nonclassical process. Many more 
properties of hydrogen in solution in body-centered cubic metals will 
probably be needed before a satisfactory model will evolve. 
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SUMMARY 
Hydrogen and deuterium diffusion coefficients were strongly 
decreased in the niobium-vanadium alloys to a minimum in the 75 at, pet, 
niobium alloy. Deuterium diffusion coefficients were always smaller 
than hydrogen diffusion coefficients in the same alloy at the same 
temperature. Diffusivities decreased linearly with hydrogen 
concentration in all alloys with no indication of trap saturation 
effects. The diffusion coefficients followed an apparent Arrhenius 
temperature dependence between 230 and 473 K. The diffusion activation 
energy increased at intermediate alloy compositions and was a maximum 
in the 75 at, pet, niobium alloy. The values of also increased to a 
maximum at the same niobium concentration. Hence, the decrease in the 
diffusion coefficients in these alloys was exclusively due to the 
increased activation energies. Terminal hydrogen solid solubilities 
were markedly increased by alloying and isotope effects in this 
solubility were observed in pure vanadium and in the 90 at. pet, 
vanadium alloy. The diffusion data do not support a local deep 
trapping of hydrogen at isolated substitutional alloying atoms. 
Neither the observed diffusion phenomena nor the increased terminal 
solid solubilities are well-understood on the basis of present 
theories. More study of hydrogen diffusion in such alloys should be 
useful in better characterizing the hydrogen-substitutional solute 
interaction. The extremely high terminal hydrogen solid solubilities 
in niobium-vanadium alloys m^ permit study and investigation of 
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hydrogen diffusion behavior in such alloys at low temperatures without 
the difficulties associated with low hydrogen solubility. 
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GENERAL SUMMARY 
The diffusion coefficients of hydrogen and deuterium were measured 
in vanadium-titanium alloys and vanadium-niobium alloys. The general 
effect of alloying was to dramatically reduce the rate of hydrogen 
migration. Additions of niobium to vanadium reduced hydrogen diffusion 
to a minimum in the alloy containing 75 at. pet. Nb. In every alloy, 
the hydrogen and deuterium diffusion coefficients decreased almost 
linearly with hydrogen isotope concentration. The hydrogen 
concentration dependence of the diffusion coefficient cannot be 
explained in terms of a thermodynamic correction factor since concurrent 
studies by Peterson and Nelson (11) show Sieverts' Law behavior in 
these alloys up to very high hydrogen concentrations at room temperature. 
The hydrogen diffusion coefficient has an apparent Arrhenius temperature 
dependence in all alloys between 473 and 230 K. Hence, hydrogen 
migration in all alloys appears to be a singly activated diffusion 
process. Diffusion activation energies increased upon alloying and 
were solely responsible for the small diffusion coefficients observed in 
certain of the alloys. The deuterium activation energy was higher 
than the corresponding hydrogen value in all vanadium-niobium alloys 
and in most vanadium-titanium alloys. Finally, hydrogen terminal 
solid solubilities were sharply increased by alloying. Deuterium showed 
greater solubility than hydrogen in all vanadium alloys containing 
10 at. pet. substitutional solute or less. 
Simple trapping models do not well-represent the observed hydrogen 
diffusion behavior in these alloys. Trap saturation effects were 
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absent in various alloys even vtien hydrogen concentrations far exceeded 
the substitutional alloying element concentrations. The foUt^ing 
expression was derived for the hydrogen diffusion coefficient if 
trapping were present: 
-AH - Kg 
D = exp ( —) . (1) 
Diffusion activation energies were not constant over a wide range of 
substitutional alloy concentrations as predicted by Eq. (1). Rather, 
diffusion activation energies smoothly increased with both titanium 
and niobium concentrations, although this energy did decrease for 
niobium concentrations exceeding 75 at. pet. 
There is a striking need for more hydrogen diffusion studies in 
binary substitutional alloys. Current trap models do not even 
qualitatively predict the observed hydrogen diffusion behavior in 
relatively dilute substitutional alloys. Further, such models are badly 
in need of more data in order to focus attention on their inadequacies 
and allow them to be refined and improved. The vanadium-niobium and 
vanadium-titanium systems are interesting model alloys in lAich such 
studies mi^t be done. Because of the extremely high hydrogen terminal 
solid solubilities in these alloys, experiments might be designed in 
vAiich hydrogen diffusion could be studied at very low temperatures. 
Such techniques may include anelastic relaxation studies, low temperature 
heat capacity, NMR measurements and neutron studies. 
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